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Nanoparticles (NPs) are defined as particles that are sized between 1 and 100 
nanometers.1 Because nanoparticles display unique properties which are quite different 
from bulk material; researchers in many fields, such as in optical, electronic, magnetic 
and chemical, are paying more attention to them. A remarkable example is FeAl powder. 
FeAl nanoparticles are ductile and ferromagnetic, but are brittle and nonmagnetic in the 
form of traditional particles.2 
1.1.1 Application of Nanoparticles in Electroanalysis
Specifically, nanoparticles appear to have many advantages over electrode when 
they are applied in electroanalysis, such as catalysis, control over electrode
microenvironment, high effective surface area, and low cost.
When nanoparticles are used to modify an electrode, the overpotential of some
redox reactions can be decreased by their catalytic properties. Therefore, voltammetry at 
nanoparticle-modified electrodes appears to be more reversible than that produced by the 
same material in the macroelectrode form. Raj et al. published a paper which refers to the 
catalytic effect of the gold NPs.3 It reveals that the reversibility of the dopamine 
oxidation is increased by using a gold NP modified microelectrode, while it is irreversible 
on the bulk gold electrode. Moreover, changing the microenvironment of nanoparticles 





   
 
on single-walled carbon nanotube-modified glassy carbon electrodes show a higher 
sensitivity to the detection of hydrogen peroxide when compared to a deposit of Pt 
nanoparticles on normal glassy carbon.4 
On the other hand, when we actually manufacture an electrode, cost must be 
considered. Modification using expensive metal nanoparticles on an inexpensive material 
electrode can not only give us economic benefit but also result in a high area-to-volume
ratio of an expensive material.  
1.1.2 Application of Gold Nanoparticles in Electroanalysis
As one of the most malleable metals, gold has been paid more attention for 
electrode modification materials by researchers, not only because of its high resistance to 
chemical attack but also because of its high thermal and electrical conductivity. In recent 
decades, many papers have been published on different methods of electrochemical 
deposition of gold NPs and features of gold nanoparticle-modified electrodes.5 As an 
example, Carralero Sanz et al. immersed a glassy carbon substrate into chloroauric acid 
(HAuCl4) solution and then reduced chloroaurate anions to produce gold nanoparticles by 
applying a negative potential to the glassy carbon electrode.5c In this reduction process, 
nucleation would be the first step of formation of the electrodeposited material. The 
density of active sites toward nucleation is proportional to the given overpotential. 
Furthermore, the density of active sites toward nucleation is much smaller than the 
atomic density of electrode, which may be due to the absorption of chloroaurate anions in 
this case. That hinders the nucleation process.6 Therefore, instead of getting a bulk 
deposit of gold, people get gold particles on the glassy carbon substrate.  The metals 










numbers of active sites toward nucleation on glassy carbon substrate. When used for 
detection of phenol, the gold nanoparticle-modified electrodes increased the peak-current 
linear range.5c El-Deab et al.’s investigation also reveals that, when the gold nanoparticle-
modified electrode is used to study the reduction of oxygen, the quantification of the O2 
to H2O2 peak will not be hindered due to the H2O2 to H2O peak, which normally happens 
at bulk electrode.5b Besides glassy carbon, gold NPs are also deposited on many other 
bulk electrodes, such as basal plane pyrolytic graphite10 and crystalline gold itself11 by 
applying a potential step. The electrodeposition process starts with the nucleation from 
the active sites.6 This allows the formation of particles but not bulk deposition.  
1.1.3 Shape and Size Control of Nanoparticles 
Because electrochemical deposition can be easily controlled, many studies have 
been carried out on making NPs with different sizes, shapes and distributions by 
changing the conditions of deposition.5a, 12 
For a long time, spherical-shape NPs are the result of synthesis methods. 
However, non-spherical NPs synthesis has experienced a significant progress in recent 
decades. For instance, one-dimensional anisotropic nanoparticles, such as rods and wires 
have been achieved by using a limited number of synthesis methods.13 Synthesis 
techniques which make two-dimensional nanoparticles with triangular and hexagonal 
prisms shapes have appeared in numerous papers.13a-n, 14 
1.2 Scanning Electrochemical Microscopy 
1.2.1 Scanning Electrochemical Microscope Instrumentation 
The scanning electrochemical microscope (SECM), which was introduced in 1989 







Figure 1.1 shows a typical SECM instrument setup, including the electrochemical cell, 
bipotentiostat, piezoelectric controller, and the PC monitor. The SECM refers to the 
measurement of current by an ultramicroelectrode (UME), normally called the tip. The 
tip is held and moved in the vicinity of a substrate, which can be made of any type of 
materials (metal, glass, polymer, immiscible oil, and so on), in the electrolyte solution. 
By sensing the electrochemical perturbation from the tip, the SECM instrument can 
provide information about the properties and nature of the substrate. 
Figure 1.1 Schematic diagram of a typical SECM instrument. 
1.2.2 Surface Modification Modes of SECM 
By measuring the Faradaic current, SECM can be used to characterize the 






kinetics of a heterogeneous electron transfer reaction19. Furthermore, SECM can serve as 
a tool for surface modification.20 With this application, species are produced at the 
electrode by means of electrochemical techniques. Two main modes are generally 
accepted by researchers for SECM to fabricate small patterns on surfaces, direct mode as 
shown in Figure 1.2 (a) and feedback mode as shown in Figure 1.2 (b). 
Figure 1.2 Schematic representations of the direct mode (a) and the feedback mode (b) 




In direct mode, the substrate works as an auxiliary electrode. Due to the existence 
of electroactive species, if an oxidation reaction takes place at the tip, a reduction process 
has to occur at substrate. This reduction reaction is the driving force for patterning 
process. With this mode, metal could be deposited inside a polymer while applying a 
negative potential to the tip. Husser et al. successfully deposited silver, gold copper, and 
palladium inside ionically conducting polymers with this approach in 1988.21 Forouzan 
and Bard22 reported another method of deposition of silver. Basically, it uses the same 
concept of controlling the distance between tip and substrate. However, instead of using 
ionic conducting polymers, a thin water layer (1.0-1.5 nm) on an insulator is used. The 
working tip was biased negatively versus the auxiliary electrode. Since the thin water 
film is formed to maintain the humidity of environment, Faradaic current can flow 
between tip and auxiliary. On the tip, silver ions and protons were constantly reduced as 
long as the tip potential was sufficiently negative.  
In feedback mode, one form of electroactive species exists in the electrolyte. It is 
either oxidized or reduced at the tip and serves as an electron-transfer mediator. These 
electrochemical species generated at the tip must be able to react with the substrate 
surface or other species attached to it in order to fabricate patterns. In 1990, Mandler and 
Bard23 provided the first system that was based on the feedback mode aimed to deposit 
metals. In this system, metal ions were attached on the substrate surface by incorporating 
in a polymer layer, e.g., protonated polyvinyl pyridine, as a method of attaching them to 
the substrate surface.23 After reduction at the tip, hexaammineruthenium(II) diffused to 
the substrate. Reduced hexaammineruthenium(II) at the substrate lost electrons to drive
the reduction of metal ions, e.g. Au(III), or Pd(II), to their respective metals. Meltzer and 






anodically dissolve a gold microelectrode onto a negatively biased substrate surface. In 
the presence of complexing ligands in the electrolyte, such as bromide ions, which works 
as a promoter for dissolution of gold, a flux of AuBr4- ions is created from tip. They are 
reduced after diffusing to a conductive substrate (indium tin oxide) to form micro- or 
nano-crystalline structures of gold. On the other hand, Heinze et al. reported a study for 
deposition of silver.25 In his study, Mandler et al.’s method26 is applied. Silver deposition 
can be controlled by adjusting the pH value. 
1.2.3 Glassy Carbon Electrode (GCE) 
Glassy carbon (GC), also known as vitreous carbon, was first synthesized by 
Davidson.28 Glassy carbon is typically synthesized by a pyrolysis process. Crosslinkable 
aromatic polymers, such as phenol-formaldehyde resin29 or phenolic resins30, are suitable 
raw materials to manufacture the glassy carbon product. 
The pyrolysis carbonization process produces a graphitic structure of carbon. Six 
carbon atoms are arranged in a hexagonal planar layer with sp2 bonds. But instead of 
having a large planar layer area, glassy carbon has an entangled structure shown in Figure 
1.3.27 La and Lc are the lengths of the graphitic domains perpendicular and parallel to the 







Figure 1.3 The structure of glassy carbon proposed by Jenkins and Kawamura in 
1971. La and Lc are the lengths of the graphitic domains perpendicular and 
parallel to the graphite c axis. This figure is reproduced from Jenkins and 
Kamura, Nature, 1971.27 
Glassy carbon has been used for electrode materials since the mid-1960s, first 
reported by Zittel and Miller31, because of its desirable properties, such as gas 
impermeability, high current conductivity, chemical inertness, and relatively high purity. 
Glassy carbon is not isotopic and will have different behavior at different axes.32 Also, 
glassy carbon properties depend on pyrolysis conditions and starting material. A large 
amount of early work about glassy carbon as an electrode materials is reviewed by Van 







1.3 Atomic Force Microscopy 
1.3.1 Atomic Force Microscope 
As a very high-resolution type of scanning probe microscope, the atomic force 
microscope (AFM) plays a vital role in exploring the micro or nano world. It was 
developed in 1982 by Binning, Quate, and Gerber as a collaboration between IBM and 
Stanford University.34 
AFM can analyze many kinds of materials, including carbon nanotubes, colloidal 
particles, complex multi-phase polymers, and fractured surfaces.35 Furthermore, these 
samples can be explored in different environmental media, like air or liquids. With AFM, 
beside 2D morphologic images, 3D topographic information about these samples is able 
to be presented at either nano or micro scale.  
An AFM instrument has a tip, cantilever, photo detector, and XYZ stages as 
shown in Figure 1.4. When the cantilever tip is brought into proximity of a sample 
surface, deflection of the cantilever is generated due to the forces between the tip and the 
sample surface. The amount of deflection is measured by a laser spot reflected from the 
back of the cantilever into the detection array of a four quadrant photo detector. 






Figure 1.4 Schematic diagram of the components and principle of AFM instrument. 
1.3.2 The Modes of Atomic Force Microscopy 
Typically, AFM instrument operates in modes: non-contact mode, contact mode, 
and tapping mode. In non-contact mode, the tip of a cantilever oscillating at a frequency 
near the cantilever’s resonance frequency is brought to the surface of sample. By 
measuring the change in frequency of the cantilever resulting from the attraction between 
tip and sample from its natural resonance frequency, topographical information can be 
extracted. In contact mode, by vertically moving the scanner, a feedback loop maintains a 
constant deflection between the specimen and cantilever. When the cantilever scans 
across the surface of sample, a deflection change of the cantilever will lead to a 
correction voltage feedback to the Z-piezo in order to adjust the cantilever to its original 
deflection. Topographic information is obtained from the correction voltage. The tapping 
mode requires that the cantilever tip impact the sample for a minimal amount of time in 
order to glean sample data. This mode combines qualities of both the contact and non-







As the types of sample and environmental media vary, different modes are chosen 
for experimentation. For example, contact mode is more useful for rough samples with 
extreme changes in vertical topography. The resolution can be at atomic level. Non-
contact mode is suitable for soft samples. By avoiding touching the surface, non-contact 
mode doesn’t cause any damage to the sample. For the tapping mode, lateral resolution is 
higher than the other two modes. Therefore, it is suitable for exploring the shapes of 
nanoscale particles. 
1.4 COMSOL Multiphysics Simulation
1.4.1 Computer Simulation 
Computer simulation is the process of implementing a model of a real world with 
a computer program in order to have a better understanding for the behavior of the 
system or evaluate strategies for the operation of the model. With a computer program, 
people can build a complicated model, which may be hard or expensive to create in real 
life. Computer simulation is also useful to make comparisons for proposes of optimizing 
designs or developing new products, because model conditions can be easily changed.
Due to these advantages, computer simulation is playing a vital role in doing research in 
the field of science and engineering. 
Nowadays, researchers use various basic computer languages to implement a 
high-level simulation. Although each of those methods of simulations has its own unique 
features, they all share a same concern. How much can people rely on the results? 
1.4.2 COMSOL Multiphysics Software 
Since we all know simulation is trying to construct a model that is able to depict 







the more the results can be trusted. Mostly, the response of a model is affected by the 
interaction of many physical fields. For example, the thermal conductivity of a conductor 
is related to the electric current density while the electric conductivity also depends on 
the temperature. COMSOL Multiphysics is developed for multiple physics fields 
modeling, in which the finite element method is applied to solve the problem.  
COMSOL allows all type of models to be simulated considering the influence of 
multiple physics fields from environment. These effects have to be fully compatible. For 
instance, current flow is always accompanied by a thermal effect and magnetic fields. 
COMSOL is able to combine these effects to give the results that you need. 
1.4.3 COMSOL Multiphysics Simulation Application in SECM 
Recently, COMSOL Multiphysics simulation has been applied to many SECM 
experiments. For example, in the study of the oxygen reduction mechanism with SECM, 
COMSOL was used to create a simulation for analyzing the concentration distribution of 
an oxidized species near the tip.36 The approach curve was also simulated to study the 
kinetics reaction on different substrates.37 
With COMSOL Multiphysics simulation, many SECM experimental results can 
be modeled theoretically. Comparing them with experimental results, a better 
understanding is achieved for SECM experimental systems or processes. 
1.5 Objective and Outline of the Research 
Our group and others have already used SECM to fabricate gold patterns on 
conducting surfaces in halide ion solution. However, people haven’t done the deposition 
in non-complexing solution. We hypothesize sharper patterns and a smoother, finer-





assistance of complexing ions. The shapes and sizes of particles would be influenced by 
different deposition condition. Therefore, our goal of this research is to deposit gold 
nanoparticles in non-complexing nitric acid solution. By adjusting parameters available 
in the SECM experiment, a variety of nanoparticles with different sizes and shapes are 
produced. 
In Chapter II, the principle of making gold patterns with SECM is discussed in 
detail. Different experiment parameters of SECM are chosen to control the morphology 
of gold nanoparticles. 
Since AFM is the main instrument to examine the morphology of particles, the 
principle of exploring the nano world by AFM will be also discussed in Chapter III.
COMSOL Multiphysics is chosen to simulate the results of deposition of gold. 
This part will be introduced in Chapter IV. 
Chapter V refers to the deposition of gold nanoparticles on TEM carbon grids. 









SYNTHESIS OF GOLD NANOPARTICLES WITH SECM
2.1 Introduction
As requests for fabrication and formation of micro or nano structure increases, 
more and more patterning techniques are developed by researchers.38 The technique of 
lithography is widely accepted for micro or nano fabrication. With this technique, an 
appropriate material is exposed to electromagnetic radiation, such as UV or X-ray. 
Chemical changes are produced in the molecular structure by introducing a latent image 
into the substrate material. Subsequently, this latent image becomes the relief structure 
through etching.38a Some non-lithographic patterning techniques, such as molding39, 
printing40, and embossing41 have been developed by many people. Another method for 
fabricating nanostructures is self-assembly.42 In this technique, component molecules go 
through a spontaneous process which leads to a certain degree of organization caused by 
non-covalent interaction of molecules. The final assembly of molecules reveals 
information of topography, surface functionality and shapes of molecules. The self-
assembled structure ends up at thermodynamic equilibrium.42-43 
SECM has been widely used as a tool for surface modification by either metal 
deposition or etching for many years.20a, 20g, h, 44 In the feedback mode of SECM, an 
ultramicroelectrode is brought to the vicinity of the substrate electrode in electrolyte 
solution, which contains electroactive species. By applying a potential between the 






oxidized or reduced on the surface of the electrode. These oxidized or reduced species
generated at the ultramicroelectrode work as the electron-transfer mediator to make the 
redox reaction happen. Therefore, targeted electroactive species can be either oxidized or 
reduced on the substrate surface.
Previously, Au NPs have been made by many approaches, such as photochemical 
approaches,45 scan cyclic voltammetry,46 and plasma-enhanced chemical vapor 
deposition.47 In this study, we will use SECM to deposit Au patterns on GCE without the 
assistance of ligands in the electrolyte solution. A current generator is applied to make 
sure that the Au is oxidized from tip by applying current between Au tip and auxiliary 
electrode. When Au ions are dissolved into the electrolyte solution, they diffuse to the 
substrate electrode due to the existence of an electrochemical potential and are reduced to 
Au(0). The initial work of Robert Tenent showed the possibility of deposition of Au on 
GCE in nitric acid solution.48 Further experiments by Stephen Kelley showed the 
potential of NP deposition (S. Kelley and D. O. Wipf, unpublished work). I will 
investigate more fully these results.
In this study, Au(III) ions are generated at the tip, and then reduced at the 
substrate. We have to make sure that the Au(III) ions are stable during the diffusion 
process in the solution. In Dr. Tenent’s study, Ag(II), with a standard potential of 1.43 V 
vs. NHE, is stable in 4 M nitric acid solution.48 Similarly, Au(III), with a standard 
potential of 1.36 V vs NHE, can also be stabilized in this strong oxidizing agent. 









All experiments were performed using electrolytes prepared with 18 MΩ-cm
deionized water (NANOpure Infinity). Ag nitrate is purchased from Fisher Scientific 
(≥99.7%). Nitric acid is purchased from J. T. Baker Chemicals (≥70.7%). 
2.2.2 Electrodes
Tip electrodes are made from 25 μm Au wire (Alfa Aesar 99.95%). Au wire is 
inserted into a 1.0 mm i.d. flint glass capillary tubing (FHC Corp., Brunswick ME). This 
tube is then sealed one side by electrical heating, and then further heated on this side with 
a nichrome wire coil to melt the glass in order to seal the Au wire into the glass tubing. 
While it is heated, the open side of tube is connected with vacuum line to desorb moisture 
and impurities in the tube. At least 3-4 mm of glass should be melted around the wire. 
The electrode is brought to the microscope to inspect if the Au wire is well sealed and if 
the glass tube that seals the wire part is straight. It should have no air bubbles trapped at 
interface between the Au wire and glass. The other side of Au wire is electrically 
connected to the wire using Ag epoxy. The end of the sealed side of tubing is ground with 
400, 800, and 1200 grit SiC paper (LECO Corp.) followed by a fine polish with 5 μm and 
then 0.05 μm alumina powder (Buehler Corp.) on cloth. Finally, the SECM tip is 
conically sharpened with 800 grit SiC paper until the diameter of flat glass section is less 
than seven times the diameter of Au wire (RG≤7). Figure 2.1 shows the surface of the 
SECM tip. The Au electrode is tested with cyclic voltammetry (scan rate 100 mV/s) in 









Figure 2.1 Optical micrograph of the surface of the disc-shaped Au electrode.
The substrate electrode is made of GC. A small piece of GC is cut off from a GC 
plate (50×50 mm, 1 mm thick, from Alfa Aesar), and is then immersed into liquid resin 
(EPON resin 828 from Miller-Stephenson Corp.). The resin is contained by a 7.9 o.d. mm
rubber mold. A wire is connected to the GC as needed. The resin is cured for 3 h at 120 
	and 1 h at 140 . The substrate electrode assembly is ground with 400 grit SiC paper 
until the GC is exposed and is then polished as described above for the tip electrode.
2.2.3 Apparatus 
A BAS 100B/W electrochemical workstation (BAS, West Lafayette, IN) is used 
to carry out the voltammetry experiment. The SECM experiment setup is shown in Figure 







current between tip and auxiliary electrode. The current generator is constructed to allow 
the switching between current generator control and potentiostat control without 
disturbing the tip and auxiliary electrode connections.49  A timer is used to control the 
duration of current. 
Figure 2.2 Schematic representation of the SECM setup for Au deposition experiment. 
2.2.4 Method 
The Au electrode must be checked to make sure it is well-polished before it is 
applied to the deposition experiment. Cyclic voltammetry (CV) is a good method for this 
test. CV experiment is performed between -400 mV to 100 mV and at a scan rate of 100 
mV/s. The SECM instrument, shown in Figure 2.2, is applied to monitor the redox 
reaction between tip and substrate. The Au tip is brought to the vicinity of substrate with 





this technique, AC current flows from the tip to the auxiliary electrode through the 
solution. Once the tip nears the substrate, instead of flowing through the solution, AC 
current flows through the substrate. That makes the AC signal increase. Then, the tip is 
moved back for a known distance as needed. The current generator is connected to the tip 
electrode and the auxiliary electrode. By setting the current desired, the current generator 
applies whatever is potential required to make the current flow through the system. A 
timer is applied to control the duration of current. In this experiment, an anodic current is 
applied to the tip in order to oxidize the Au in either 4 M nitric acid solution or 4 M nitric 
acid solution with Ag ions in it. The substrate potential can be controlled by 
bipotentiostat as needed. All experiments are done at the room temperature. 
2.3 Results and Discussions 
2.3.1 Diffusion of Gold Ions in Electrolyte 
Mass transfer in solution is driven by diffusion, migration, and convection. 
Diffusion is caused by a gradient of concentration or activity of the species, whereas the 
potential gradient produces migration. Convection usually plays a vital role in dynamic 
systems.51 The combination of gradient of concentration or activity and gradient of 
potential is known as the gradient of electrochemical potential, µ. 
In this study, the solution is stationary and the influence of convection can be 
neglected. However, as Au is oxidized at the tip, water is also oxidized to produce 
oxygen bubbles. The reason will be discussed in section 2.3.2. Some convection is 
occurring with the bubbles. Once the current flows through the working electrode, Au 
will be oxidized and then dissolved into the solution. Because of the existence of a 






     2.1 
movement of Au ions under the gradient of electrochemical potential can be expressed by 
Equation 2-1: 
ф     
 
Where J is the flux of ions, C is the molar concentration, D is the diffusion coefficient, R
is the gas constant, T is the absolute temperature, μ denotes the gradient of 
electrochemical potential, x denotes the distance, z is the valence of ions, F is the Faraday 
constant, and ф represents the electrostatic potential. 
In order to keep the solution electrically neutral, there must be some anions 
associated with the Au ion. Nitrate ions surround the Au ions in order to keep an 
electrical balance. Once Au3+ moves toward the substrate, nitrate ions, which have lower 
diffusion rate, move relatively backward. A counter-electric field between Au ions and 
slower nitrate ions is formed.52 On the other hand, since some of the Au ions will be 
reduced once they reach the substrate surface, the concentration of Au ions near the 
surface of the substrate is much less than near the tip. An electric field between tip and 
substrate should be formed due to this uneven distribution of Au ions, which would result 
in the migration of Au ions. However, there are huge amounts of protons in the 
electrolyte solution. Driven by the electric field caused by Au ions, protons are moving 
toward the substrate, which kills the part of potential gradient that is raised by Au ions. 
Additionally, in consideration of the counter electric field from the nitrate ions, the 
electric field raised by movement of Au ions can be compensated by nitrate ions and 
protons. Therefore, the influence of migration can be neglected as well. A schematic 










   
                                                      .2 
potential gradient raised by all ions. Therefore, Equation 2-1 can be simplified as 
Equation 2-2, which is the general form of Fick’s law: 
This equation tells us the flux of Au ions is directly proportional to the concentration 
gradient, . 
Figure 2.3 Schematic representation of behavior of ions and electric gradient lines in 
the space between tip and substrate.
2.3.2 Electrochemical Reactions on Each Electrode 
Since an unknown potential is applied to tip and auxiliary electrode to fulfill the 
current flow that we desire, electroactive species have to be either oxidized or reduced on 
each electrode. The standard electrode potential of Au and water in aqueous solution at 
25  in V (vs. NHE) is shown below: 
















O2 + 4H+ + 4e- → 2H2O = 1.23 V 2.4 
Where  is the standard electrode potential. Taking into consideration the influence of 
acidity, the Nernst equation is applied to calculate the actual electrode potential of
oxidation of water. The Nernst equation expression is shown in Equation 2-5: 
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Where C(R) and C(O) are the concentration of reduced and oxidized species, 
respectively. According to this calculation, the actual electrode potential for oxidation of 
water is 1.25 V, which is still more negative than that of oxidation of Au. That means if 
Au is successfully oxidized, oxidation of water has to be simultaneously produced. So
once the current is applied, it can be seen that some bubbles are coming out from the tip, 
which suggests the production of O2 as predicted above. As the Au ions diffuse to 
substrate, they are reduced to Au particles. Comparing the electrode potentials of
oxidation of Au and water, one can see that water can be oxidized by Au(III) ions. On the 
substrate, Au ions are locally reduced on substrate, and water molecules are oxidized 
over the whole surface of GC. During this process, the substrate works as medium of 
transferring the electrons from H2O to Au (III). The half-reactions, shown in Equation 2-
6, 2-7 happen on the substrate: 
Au3+ + 3e- → Au(s) 2.6 
2H2O → O2 + 4H+ + 4e- 2.7 
Because a large amount of protons exists in electrolyte, the electrode reaction that 
happens on the auxiliary electrode is reduction of protons: 






Figure 2.4 Schematic representation of electron transfer from water molecules to Au 
ions. 
2.3.3 Generation of Gold Spots 
The Au electrode has to be tested by cyclic voltammetry (CV) to make sure it is 
working properly. CV experiments are carried out in 0.2 mM Ru(NH3)63+ in 0.5 M KCl 
electrolyte solution. A Ag/AgCl electrode is chosen to be the reference. The auxiliary 
electrode is Pt. SECM experiment results show that a well-behaved Au tip shows the CV 
curve seen Figure 2.5. Au electrodes showing this CV result are able to deposit Au 







Figure 2.5 CV curve of the Au tip in 0.2 mM Ru(NH3)63+ in 0.5M KCl solution. 
About 800 SECM experiments were performed to make Au particles on the GCE. 
Four kinds of results are observed. One is no Au-colored spots showing on substrate. The 
other three produce Au spots, but with different morphology. These spots are shown in 
Figure 2.6. The deposition conditions for each of three spots are shown in Table 2.1. It 
can be seen that an A type spot has the diffuse-edge. The amount of Au becomes less 
with further distance from the center. A B type spot has a uniform thickness with well-
defined edge. A C type spot is a ring-shaped spot with a tail. Figure 2.6 (a), (b), (c) are 











Table 2.1 Deposition conditions for SECM experiments. 
 Current (µA) Duration of time (s)
Potential of 





Type A 10 10 Uncontrolled 4 M HNO3 30 
Type B 5 10 Uncontrolled 4 M HNO3 30 
Type C 10 20 Uncontrolled 4 M HNO3 30 
(a) A type spot 




 (b) B type spot 






(c) C type spot 
Figure 2.6 (continued) 
Each of these types of spots is produced during an SECM deposition experiment. 
No deposition conditions have been found that consistently produced a particular type of 
spot. Many deposition conditions were tried in order to control the three Au spot 
morphologies. These include: tip-current density, tip distance, substrate potential, and 
electrolyte concentration. Unfortunately, the morphology of spots cannot be strictly 
controlled with these parameters. However, it can be found that for a particular 
experiment only one type of spot is produced. No mixture of types is produced for a 
particular experiment. Therefore, the following hypothesis can be advanced. The 






from 1 mm thick GC plate. Either the plate’s flat surface or cross section can be polished 
to be the electrode. When the flat surface is chosen to be the electrode surface, spots 
rarely formed. But on the cross section, it is very easy to get Au-colored spots. More 
evidence will be provided to support that the morphology of spots is related to the 
different axial direction of GC in Chapter IV. In the SECM deposition experiments, Type 
A and B spots are obtained about 10% of the time. Getting a ring-shaped spot is very 
likely at over 80%. 
Since the GC is isotropic and morphologies of the Au spots on different GCEs 
surfaces are different, it can be proved that the Au particles are generated on GCEs 
instead of forming in solution and then falling off onto the GCEs. The formation of 
different morphologies of Au particles on the differently biased GCEs also supports this 
result, which will be further discussed in Chapter III.
2.4 Conclusion 
In this chapter, it has shown that Au deposition process can be successfully 
achieved by an electrochemical method with SECM. By applying an anodic current to the 
Au electrode, Au is oxidized and then dissolved into nitric acid solution. Due to the 
electrochemical potential gradient, Au ions diffuse to substrate electrode and then are 
reduced to solid particles at the surface of GC. Optical micrographs of the spots formed 
are shown in Figure 2.6. 
This study demonstrates that dissolution of the Au can be achieved 
electrochemically without being assisted by complexing ligand ions in the electrolyte. Au 
ions are reduced on unbiased GCE. However, since the GC plate is anisotropic,32 
choosing the different face of GC to be the electrode is choosing a different rate constant 
28 
 
of the electrochemical reaction happening on the substrate. That results in different 
morphology of Au spots. In future work, this SECM system can be developed to deposit 








CHARACTERIZATION OF GOLD NANOPARTICLES BY AFM
3.1 Introduction
AFM is a powerful tool to analyze nanoparticles and is especially suited to 
individual nanoparticle characterization. By scanning the surface of the sample, much 
information on particles can be extracted, including diameter, area, height, volume, 
shape, aspect ratio, or other surface morphology. What’s more, with the particle analysis 
function of AFM, particles can be easily analyzed as needed. By setting up a height 
threshold, particles are isolated by height. Particles either above or below the threshold 
can be analyzed. By limiting a range of particle diameter, specific particles and their 
features of interest are able to be studied, too.  
For nanoparticle characterization, AFM requires that particles are dispersed on the 
substrate and that they are rigidly adhered to it. The substrate roughness has to be suited 
for AFM scanning, which means it should be less than the size of the nanoparticles. In 
previous work, people have used many adhesives affix particles to the substrate. The 
most common chemicals are poly-D-lysine and PEI (poly-ethyleneimide).53 With 
treatment by these polymers, functionalized surfaces are generated on the substrate, 
which are able to either allow the formation of chemical bonding between the particle and 
surface or promote adsorption onto the surface. On the other hand, because there is no 
way to characterize the nanoparticles if they are not dispersed, many factors are needed to 









interfacial free energy associated with nanoparticles are the main factors to determine if 
particles tend to agglomerate or stay apart. Agglomeration or coalescence of particles can 
also be caused by hydrophilic-hydrophobic interaction between the particles and solution. 
Therefore, in some cases people use additives and surfactants to suspend particles in 
solution. The particles then remain separated after evaporation. The choice of substrate is 
very constrained because we need to have a substrate having topographical features less 
than the size of the particle after a certain treatment. The most common substrates include 
HOPG graphite, silicon oxide wafers, mica, and GC.  
For characterization of nanoparticles smaller than 100 nm, Natasha Starostina and 
Paul West with Pacific Nanotechnology Company used glass slides with poly-L-lysine
deposited on it as the substrate. Aluminum oxide powder, indium oxide powder, and 
niobium oxide powder were characterized by AFM.54 The images are shown in Figure 
3.1 below. 
Figure 3.1 AFM images of different nanoparticles deposited on poly-Dlysine covered 
glass slide substrate. (A) Aluminum oxide, size ~60 nm; (B) indium oxide, 
size 30-50 nm; (C) niobium oxide, size 20-50 nm. The figure is reproduced 








In our study, Au nanoparticles are deposited on the polished GC substrate as 
discussed in Chapter II. Although the Au nanoparticles are not chemically bonded to the 
substrate, the attractive interactions formed between the Au particles and GC during the 
deposition process is strong enough for AFM scanning. Our goal in this part is to 
characterize the Au nanoparticles at the different region of each different Au spot by 
AFM. With changing deposition conditions, different spots are generated on GC. The 




The AFM experimentation was carried out in air on the Dimension Icon AFM 
instrument (Veeco Instruments, Santa Barbara CA) in tapping mode.  
3.2.2 AFM Tip and Mode 
In this study, NCHV probes purchased from Bruker Corp. are used. NCHV probe 
is made of antimony doped Si. The shape of it is rectangular. The nominal tip radius is 10 
nm and the force constant is 20-80 N/m. The natural resonance frequency of the tip is 
301-331 kHz. 
The experiment used the AFM tapping mode. With this mode, topographic 
information can be extracted by detecting the signal change raised by reflected laser 
beam over a photodiode array. The probe tip oscillates at its resonant frequency which 
gives a regular pattern at the photo detector. Once the tip taps on the sample, the resonant 
frequency will change.  








3.3 Results and Discussions 
3.3.1 Effect of Tip-substrate Distance on Spot Size and Particle Morphology 
In this section we focus on studying the influence of changing the distance 
between the tip and substrate on the resulting Au deposit. During the SECM deposition 
experiment we keep other conditions constant and only change the tip-substrate distance 
to deposit the Au particles. Then we analyze with AFM to see the particles size and 
distribution. Experiment conditions are shown in Table 3.1 as follow: 
Table 3.1 Experimental deposition conditions to study the effect of tip-substrate 
distance on spot size and particle morphology. 












SUB_1 10 10 Uncontrolled 4 M HNO3 10 
SUB_2 10 10 Uncontrolled 4 M HNO3 20 
SUB_3 10 10 Uncontrolled 4 M HNO3 40 
Optical microscopic images for Au spots deposited by each condition are shown 








Figure 3.2 Optical micrographs for Au spots deposited with conditions SUB_1, 




  (b) SUB_2








Figure 3.2 (continued) 
Under these conditions, it is found that “ring-shaped” Au spots are deposited on 
the GCE. The Au spots appear to fade as the tip-substrate distance increases as seen in
optical micrographs of Figure 3.2.  With a larger tip-substrate distance, Au(III) ions have 
to diffuse a longer distance to get to the electrode, which results in Au ions diffusing 
farther away from the tip center. Then these ions will reach regions that are farther away 
from spot center on substrate electrode. This is why we get more spread out Au with 







Table 3.2 Diameter of spots with different tip-substrate distances. 
No. Tip-substrate distance (μm) Spot diameter (μm)
SUB_1 10 34 
SUB_2 20 44 
SUB_3 40 52 
Different regions on each spot are chosen to be scanned by AFM. Regions are 
chosen along the radius from the center to edge of the spot. The “tail” is avoided in the 
AFM analysis. The distance between each scanned region is 5 μm. The AFM height and 
error images of a spot deposited by condition SUB_3 are shown in Figure 3.3. It can be 
seen that the density of Au NPs on the edge is much lower than that on the body of spot. 
However, the shape of the nanoparticles doesn’t change too much on different scanned 
regions. Most of the nanoparticles are round. Although some particles seem to 
agglomerate in the high density region, they can still be separately identified in the height 










Figure 3.3 AFM height (left) and error (right) images for an Au spot deposited by 
condition SUB_3, (a) 0 μm offset; (b) 5 μm offset; (c) 10 μm offset; (d) 15 
μm offset; (e) 20 μm offset; (f) 25 μm offset; (g) 30 μm offset; (h) 35 μm 































Figure 3.3 (continued) 
The Particle Analysis function of the AFM software was used to study the sizes of 
nanoparticles at different regions on each spots. In this study, a threshold value is set and 
particles at height above the threshold are counted. They are highlighted with sky blue 






shown in Figure 3.4. In the result, the mean diameter of the nanoparticles, the total count, 
and the standard deviations is obtained. With these data, a t-test is applied to determine 
the statistical difference in the average size of the nanoparticles. The two-sided t-test can 
be applied to determine if the particles have the same average size (with a given 
confident level) or are significantly different. Table 3.3, 3.4 and 3.5 show the results of 
two-sided t-test for all neighbor values on each of three spots, respectively. It can be
found that not all the neighbors show a significant difference. From the result of the mean 
sizes of nanoparticles, we observe that the biggest values do not show up at either the 
center or the edge of each of the three spots. They seem to appear at the 10 to 20 µm
offset region. Therefore, one-sided t-test is applied to study if these peak mean values are 
significantly bigger than the rest. All the mean values are compared with peak values to 
run the one-sided t-test. This allows us to know if the peak values are statistically larger 
than others. The results are shown in Table 3.6. In the spot deposited with condition 
SUB_1, it can be found that the mean size of nanoparticles at the 10 µm offset region, 
where the peak appears, are not statistically different from those at the 5 µm offset 
region. However, they are significantly bigger than those at the 0 µm and 20 µm offset
region. Therefore, the nanoparticles in the 5 µm to 10 µm offset region are statistically 
bigger that at the other regions. In the spot deposited with condition SUB_2, the mean 
size of nanoparticles at 10 the µm offset region (peak) is significantly bigger the 
neighbors, which means that the particles size at the 10 µm offset region is larger than 
rest. In the spot deposited with condition SUB_3, the mean size at the 20 µm offset 
region (peak) is not significantly bigger than its neighbors. But if we go further, we find 













that the nanoparticle size in this wide range, from the 5 µm to 30 µm offset region, is 
statistically bigger than others. 
Figure 3.4 Particle analysis result for Au nanoparticles at the 40 μm offset site with 









      
Table 3.3 Size distribution of nanoparticles on the Au spot deposited with condition 
SUB_3 (40 µm tip-substrate separation), and the results of the two-sided t-
test for significant difference study of mean sizes of nanoparticles on 










































t or not 
0 μm 22.6 111 7.0 1.32 7.58 1.10 0.73 1.972 0.466 No 
5 μm 23.4 84 8.3 1.80 8.92 1.60 0.31 1.978 0.757 No 
10 μm 23.9 49 9.9 2.84 9.04 1.62 0.18 1.978 0.857 No 
15 μm 24.2 84 8.5 1.84 9.10 1.59 1.44 1.978 0.152 No 
20 μm 26.5 53 10.0 2.76 8.68 1.44 1.59 1.974 0.114 No 
25 μm 24.2 114 8.0 1.48 7.72 1.51 0.66 1.976 0.510 No 
30 μm 23.2 34 6.7 2.34 8.20 1.65 2.24 1.979 0.027 Yes 
35 μm 19.5 89 8.7 1.83 7.77 1.09 1.65 1.971 0.100 No 
40 μm 17.7 119 7.0 1.27 6.68 1.06 0.76 1.973 0.448 No 









      
 
Table 3.4 Size distribution of nanoparticles on the Au spot deposited with condition 
SUB_2 (20 µm tip-substrate separation), and the results of the two-sided t-
test for significant difference study of mean sizes of nanoparticles on 









































t or not 
0 μm 23.4 59 9.6 2.50 9.11 2.07 0.39 1.988 0.697 No 
5 μm 24.2 29 8.0 3.04 10.26 2.65 2.30 2.002 0.025 Yes 
10 μm 30.3 31 12.0 4.40 10.96 2.95 2.48 2.005 0.016 Yes 
15 μm 23.0 25 9.5 3.92 8.55 2.12 1.32 1.995 0.191 No 
20 μm 20.2 46 8.0 2.37 8.37 1.45 0.35 1.974 0.727 No 
25 μm 20.7 121 8.5 1.53 7.60 1.11 0.72 1.972 0.472 No 
30 μm 19.9 76 5.9 1.35 6.75 1.01 3.55 1.973 0.0005 Yes 













Table 3.5 Size distribution of nanoparticles on the Au spot deposited with condition 
SUB_1 (10 µm tip-substrate separation), and the results of the two-sided t-
test for significant difference study of mean sizes of nanoparticles on 









































t or not 
0 μm 24.0 59 7.5 1.95 8.31 1.98 2.02 1.989 0.046 Yes 
5 μm 28.0 25 10.0 4.13 11.34 2.82 1.45 1.995 0.152 No 
10 μm 32.1 46 12.0 3.56 10.94 2.17 4.24 1.984 0.0000 5 Yes 
15 μm 22.9 57 10.0 2.65 9.57 3.04 0.43 1.996 0.699 No 
20 μm 21.6 12 7.0 4.45 7.80 2.55 0.31 2.007 0.758 No 
25 μm 20.8 42 8.0 2.49 7.07 1.57 0.06 1.990 0.952 No 






    
 
 
    
 
 
    
 
 
    
 





































0 22.6 111 7.0 2.88 1.654 0.002 Yes 
5 23.4 84 8.3 1.96 1.656 0.026 Yes 
10 23.9 49 9.9 1.32 1.660 0.095 No 
15 24.2 84 8.5 1.44 1.656 0.076 No 
20 * 26.5 53 10.0 
25 24.2 114 8.0 1.59 1.654 0.057 No 
30 23.2 34 6.7 1.69 1.663 0.047 Yes 
35 19.5 89 8.7 4.38 1.656 0.00001 Yes 
40 17.7 119 7.0 6.63 1.654 0 Yes 






0 23.4 59 9.6 2.97 1.662 0.002 Yes 
5 24.2 29 8.0 2.30 1.672 0.012 Yes 
10 * 30.3 31 12.0 
15 23.0 25 9.5 2.48 1.674 0.008 Yes 
20 20.2 46 8.0 4.44 1.665 0.00001 Yes 
25 20.7 121 8.5 5.12 1.655 0 Yes 
30 19.9 76 5.9 6.00 1.659 0 Yes 






0 24.0 59 7.5 4.023 1.659 0.00005 Yes 
5 28.0 25 10.0 1.45 1.667 0.076 No 
10 * 32.1 46 12.0 
15 22.9 57 10.0 4.24 1.660 0.00002 Yes 
20 21.6 12 7.0 2.89 1.672 0.003 Yes 
25 20.8 42 8.0 5.14 1.663 0 Yes 
30 20.7 39 5.9 5.40 1.663 0 Yes 
   *Indicates the peak value in each group 
Figure 3.5 shows the plot of mean nanoparticle sizes at different offset regions for 









center as the tip-substrate distance increases. This will be modeled in Chapter IV with
COMSOL Multiphysics to study the influence factor(s).  
Figure 3.5 Nanoparticle sizes plot for different offset regions from the spot center. 
(Error bars shows the confidence interval at a 95% confidence level) 
3.3.2 Effect of Current Density on Spot Size and Particle Morphology 
In the previous section, the current was kept constant and the tip-substrate
distance varied. In this section, the effect of current intensity at a fixed tip-substrate 
distance on the particle shape and morphology is examined. Au spots are generated on 
the GCE, and the particle size and shape are characterized by AFM. 
Four experimental conditions are used for this part of study. The experimental 
conditions are shown in Table 3.7. In this study, the first three conditions (SUB_4, 
SUB_5, and SUB_6) are used to explore the influence of current intensity on particle 
morphology. It can be seen that we keep the amount of charge delivered constant but 










anodic current to the tip. Condition SUB_7 is for investigating the difference between
applying multiple current pulses and a single pulse. 
Table 3.7 Experimental deposition conditions to study the effect of current density on 























SUB_4 10 10 1 Uncontrolled 4 M HNO3 30 100 
SUB_5 10 50 0.2 Uncontrolled 4 M HNO3 30 100 
SUB_6 10 100 0.1 Uncontrolled 4 M HNO3 30 100 
SUB_4(2) 1 100 1 Uncontrolled 4 M HNO3 30 100 
In this study, we change the current intensity but keep a constant charge in the 
deposition experiments. After deposition, AFM is used to scan the center region of each 
Au spot. Figure 3.6 shows the AFM 3D images of nanoparticles deposited by condition 
SUB_4, SUB_5, SUB_6. It is seen that most of the nanoparticles are round in shape, but 
sizes vary with different deposition conditions. Table 3.8 presents the mean sizes of 
nanoparticles for different spots. They are found using the particle analysis method. The 
one-sided t-test is applied to show significant differences. 
It is found that the size of Au nanoparticles increases as the flux of current 
increases. The higher the current flux, the larger the amount of dissolved Au ions present 
near the tip. After Au ions diffuse to the conductive substrate, they will be reduced. What 
is more, the same amount of current is needed to flow through the substrate for the 
reduction. Therefore, the following hypothesis can be advanced. The flux of current 
flowing through the substrate is proportional to the size of the nanoparticles. The SECM 








Figure 3.6 3D AFM images of Au NPs made by conditions (a) SUB_4, (b) SUB_5, 














Figure 3.6 (continued) 
Table 3.8 Nanoparticle sizes from different deposition conditions.
Deposition 
condition Current (μA) Mean diameter (μm) 
Standard deviation 
(μm)
SUB_4 10 30.9 8.2 
SUB_5 50 65.5 12.7 
SUB_6 100 91.72 8.4 
Compare the Au spots generated by condition SUB_4 and SUB_4(2), the same
amount of charge is applied to the tip in total. The center regions for the two Au spots are 





that applying current in 10 pulses gives more NPs than by applying current in a single 
pulse. We hypothesize there are many active sites for nucleation on the surface of 
substrate. Applying multiple current pulses increase the chance for Au ions to get to an
active site. Therefore, more Au ions interact with active sites to achieve the nucleation. In 
this case, keeping the total charge constant, applying multiple small current pulses is 







Figure 3.7 AFM images of Au spots of condition SUB_4 and SUB_4(2). (a) AFM 
image of Au NPs in center site of spot with condition SUB_4; (b) AFM 






Figure 3.7 (continued) 
3.3.3 Effect of Substrate Potential on Spot Size and Particle Morphology 
In previous sections, the influence of changing the tip-substrate distance and the 
way of applying current on the morphology and distribution of Au nanoparticles was 
studied. In this part of study, the substrate potential is controlled to explore its influence 
on nanoparticle size, morphology, and distribution. The effect of three different substrate 
potentials are chosen to implement in experiments. The other experimental conditions are 










Table 3.9 Experimental deposition conditions to study the effect of substrate potential 
on spot size and particle morphology. 















SUB_7 10 10 -0.4 4 M HNO3 50 
SUB_8 10 10 0 4 M HNO3 50 
SUB_9 10 10 +0.4 4 M HNO3 50 
Au nanoparticles are successfully deposited on the carbon at all three different 
potentials. Optical micrographs of the Au spots are shown in figure 3.8. It can be found 
that the diameter of the spot deposited at 0 V is the largest, 94 µm. The spot deposited at -
0.4 V has the second largest diameter, 76 µm. The diameter of the spot made at a 
potential of +0.4 V is about 56 µm. However, the intensity of spots fades as the substrate 
potential goes positive. 
It is not hard to understand that the substrate potential affects the rate of reduction 
reaction of Au ions at the GCE. The Butler-Volmer formulation for electrode kinetics 
reveals the relation between the substrate potential and current: 
  exp   exp	 1    
where F is Faraday constant; A is the area of electrode; k0 is standard rate constant; Co 
and CR are, respectively, the concentration of oxidized species and reduced species near 
the electrode; α is the mass transfer coefficient; f=F/RT, where R is gas constant, T is 
temperature; E is the actual potential of electrode versus a reference;  is the formal 
potential of electrode reaction. In our case, we can assume the electrode reaction is 
irreversible, because the rate of the reverse reaction should be slow compared to the rate 










     3.2   exp  
From Equation 3-2 we can see that the potential of the substrate is exponentially 
proportional to the substrate current. Integrating the current gives the amount of Au 
produced on the substrate. 
(a) -0.4 V
Figure 3.8 Optical micrographs of the Au spot deposited at different substrate 




(b) 0 V 




 (c) +0.4 V
Figure 3.8 (continued) 
AFM imaging was used to study the morphology of the Au nanoparticles 
deposited on the GCE. A near-center region and an edge region for each spot were 
scanned. Phase images of Au nanoparticles are generated for each specimen, shown in 
Figure 3.9. 
With a substrate under potential control, we are able to get some other shapes of 
Au nanoparticles besides round. In the phase images of nanoparticles made with a 






some Au nanofibers are produced on the GC. A cross-sectional width and distance 
measurement (in Figure 3.10) shows that the width of the nanofiber is between 8 nm to 
11 nm and the length varies from 20 nm to 80 nm. The width doesn’t change for the 
nanofibers at the near-center site and edge site. As the substrate potential goes positive, 
fewer Au nanofibers are observed. Instead, larger round nanoparticles are formed. With 
+0.4 V substrate potential, Au nanofibers are rarely seen, shown in figure 3.9 (c). The 
mechanism of generation for the Au nanofibers is still unknown. More effort is needed to 
explore the reason of their formation. Meanwhile, the formation of the nanofiber on 
different biased substrate proves that the Au ions are reduced at the substrate and not in 
solution. A solution reduction mechanism would be insensitive to substrate potential. 
Figure 3.9 AFM phase images for different Au spots deposited at different substrate 
potentials. The scan size is 500 nm×500 nm. The substrate potential during 














      (a)  
      (b)  
Figure 3.10 AFM analysis of the nanofiber size for the (a) edge region and (b) near-
center region for deposition at a substrate potential of -0.4 V. The line in 
the AFM phase image (left panel) shows the location of the profile 
measurement (right tip panel). 
3.3.4 Effect of Silver Ion on Spot Size and Particle Morphology 
In this section, the use of Ag ion additives is studied as a way to modify the shape 
of the Au nanoparticles. In earlier work, Murphy and co-workers showed that Au 









addition of Ag ions.13j The yield of this specific shape of particle is about 50%. After this 
work, Liu produced Au nanorods and bipyramids with Ag ions added to the electrolyte.55 
Liu also proposed that due to the underpotential deposition (UPD) of Ag on Au, a Ag 
monolayer is formed over certain Au facet. This monolayer acts as a strongly binding
surfactant to slow down the growth of this facet to produce various shapes of Au 
particles.55 However, in studies of introducing Ag ions to control the nanoparticles’ 
shape, people always focus on the crystal growth process. For example, in Liu’s study, 
before introducing the Ag ions to grow the nanocrystal, Au nanoparticle seeds are 
synthesized. These nanoparticle seeds are synthesized by reducing HAuCl4 with NaBH4. 
The sizes of the seeds are smaller than 5 nm.55 By injecting the nanoparticle seeds into 
the growth solution, specifically shaped nanoparticles are formed. In our case, Au 
deposition is a heterogeneous reaction. Our hypothesis is we can find a potential where 
the UPD of Ag on Au is produced. Because the UPD shifts for Ag+ on different facets of 
Au are different55, the growth on certain facets of Au will be hindered by Ag monolayer 
deposition. Then this potential can be applied to the substrate to control the growth rate of 
Au on certain facets in order to control the shapes of Au particles.  
In this study, AgNO3 is chosen to add into electrolyte solution. The Pt quasi 
reference electrode is used instead of the Ag/AgCl reference electrode. The Ag/AgCl 
electrode will introduce chloride ions into the electrolyte. They will combine with Ag 















Table 3.10 Experimental deposition conditions to study the effect of Ag ions on spot 
size and particle morphology. 















SUB_10 2 40 -0.3 10
-4 M AgNO3 
4 M HNO3 
50 
SUB_11 2 40 uncontrolled 10
-4 M AgNO3 
4 M HNO3 
50 
SUB_12 2 40 +0.6 10
-4 M AgNO3 
4 M HNO3 
50 
When a negative potential of -0.3 V (vs. quasi Pt reference electrode) is applied to 
the substrate, Ag nanocrystals are deposited on the GCE. SEM-EDS is used to identify 
the identity of these nanocrystals. Figure 3.11 shows the SEM image of the nanocrystals. 
It can be seen that the size of the particles vary from 300 nm to 1 µm, and the shapes 
appear to be square. From AFM images of these particles in Figure 3.12, we can see a 








   
 
 
Figure 3.11 SEM image of nanocrystals deposited with condition SUB_10 (-0.3 V 
substrate potential vs. quasi Pt reference electrode).
(a) AFM height image (b) AFM amplitude error 
image 
Figure 3.12 AFM images of nanoparticles deposited with condition SUB_10 (-0.3 V 




For an unbiased substrate, nanocrystals are formed locally underneath the tip, as 
shown in the SEM image in Figure 3.13(a). Most of the particles appear to be cubic with 
size from 300 nm to 1 µm. Some of the nanoparticles in Figure 3.13(a) are chosen to be 
analyzed further, as shown in Figure 3.13(b). It can be found that cubic nanocrystals are 
deposited on the GCE. Figure 3.13(c) shows a SEM image of the surface of the one of the 
biggest nanoparticles. It is observed that the surface of the nanocrystal is not smooth. 












(a) SEM image of nanoparticles with magnification of 2,700
(b) SEM image of 
nanoparticles with 
magnification of 20,000
(c) SEM image of 
nanoparticles with 
magnification of 55,000
Figure 3.13 SEM images of nanoparticles deposited with condition SUB_11 (unbiased 
substrate) with magnification of (a) 2,700, (b) 20,000, and (c) 55,000.
With a +0.6 V potential (vs. quasi Pt reference electrode) on the substrate, two 
types of particles are deposited on the GCE, as shown in Figure 3.14(a). One type is a 
particle with a size of about 1 µm. They have different shapes, including cubic, trianglar 
and polyhedral. The other types of particles are much smaller. The sizes of these are 








(a) SEM image of nanoparticles with magnification of 2,700 
(b) SEM image of 
nanoparticles with 
magnification of 20,000 
(c) SEM image of 
nanoparticles with 
magnification of 55,000 
Figure 3.14 SEM image of nanoparticles deposited with condition SUB_12 (+0.6 V 
substrate potential vs. quasi Pt reference electrode) with magnifications of 
(a) 8,500, (b) 18,000, and (c) 40,000. 
In this section, energy dispersive spectrometry (EDS) is used to study the identity 
of the nanocrystals. In order to make sure there is enough area of specimen exposed to 
the X-rays, we chose a region of the spot to be scanned with EDS. The results show that 






   
 
is seen on the substrate. For the nanoparticles deposited with SUB_11 (unbiased 
substrate), the EDS spectrum does not show Ag or Au peaks due to the limited sensitivity 
of SEM-EDS. For the nanoparticles deposited with SUB_12 (positive biased substrate), 
both Ag and Au peaks appear in the EDS spectrum. In this study, we realize that Au is 
not seen in deposition experiments with unbiased and negatively biased substrates, but is 
seen in experiments with no Ag present. The reason is still unknown, but the following 
hypothetical reason can be proposed. With an unbiased and negatively biased substrate, 
Ag(II) ions are produced in the electrolyte. Ag(II) is a strong oxidizing agent with a 
standard potential of 1.43 V vs. NHE. It is stable in 4 M nitric acid solution. The standard 
reduction potential of Au(III) is 1.5 V vs. NHE. Therefore, it is possible for Au(III) to be 
reduced by Ag(I), as shown in Equation 3-3. Instead of Au(III), Ag(II) ions are reduced 
to Ag(0) or Ag(I) on the GC substrate, as shown in Equation 3-4.  
Au3+ + 3Ag+ → Au(s) + 3Ag2+  3.3 
Ag2+ + 2e- → Ag(s), Ag2+ + e- → Ag+  3.4 
Due to the oxidation of Ag(I), Au(0) is formed in the electrolyte solution instead of 
deposited on the substrate. 
3.4 Conclusion 
In this chapter, different deposition conditions are changed to study the effect on 
spot size and particle morphology, including the tip-substrate distance, current density, 
substrate potential, and the presence of Ag ions in electrolyte. AFM is used to 
characterize the nanoparticles. The sizes of nanoparticles can be obtained by the AFM 




In the study of effect of tip-substrate distance on spot size and particle 
morphology, different sizes of ring-shaped Au spots are produced on the electrode with 
different tip-substrate distances. As the distance increases, the sizes of spots are 
increased, and the intensity of spots fades. For each of the Au spots, the sizes of 
nanoparticles at different regions are studied with the AFM particle analysis method. It 
shows that the largest nanoparticles are generated at certain offset region from the center 
of the spot. This region is further away from center as the tip-substrate distance increases.  
A study of the effect of the current density demonstrates that the nanoparticle size 
is directly proportional to the intensity of current that applied to the tip. Furthermore, it 
also shows that if the amount of charge is fixed, applying a small current multiple times 
is more efficient than applying a large current one time for deposition of nanoparticles. 
Different potentials are applied to the substrate electrode during the deposition 
process. With a negative (vs. Ag/AgCl reference electrode) biased substrate, beside 
round-shaped nanoparticles, nanofibers are deposited on the GCE. As the substrate 
potential goes positive, fewer nanofibers are formed. With a positive (vs. Ag/AgCl 
reference electrode) biased potential substrates, nanofibers are rarely seen. 
The effect of adding Ag ions to the electrolyte on particle morphology is studied. 
SEM images show that particles are deposited on positively, negatively biased (vs. quasi 
Pt reference electrode), and unbiased substrates. At the negative and unbiased substrate, 
Au is not seen on the GCE. At the positively biased substrate, Au and Ag are both 










    
CHAPTER IV
SIMULATION OF THE GOLD DEPOSITION PROCEDURE 
4.1 Introduction
As mentioned in Chapter I, COMSOL Multiphysics is a powerful software 
program for modeling and solving engineering and scientific issues. It is able to be used
for most physics modeling.  
In our study, the process of movement of Au ions from tip to substrate is 
simulated by COMSOL Multiphysics. As mentioned before, diffusion, migration, and 
convection are the driving force for mass transferring in solution. Migration and 
convection can be neglected for the reasons presented in Chapter II. Therefore, diffusion 
becomes the only factor explored with software. As a result, the concentration gradient or 
flux distribution of species can be obtained by simulation.
4.2 Principle of COMSOL Multiphysics Simulation 
4.2.1 Partial Differential Equations (PDEs) and Boundary Conditions 
In the solution, Au is oxidized and Au ions are dissolved into solution at the tip. 
Driven by concentration gradients, Au ions diffuse to the substrate. Diffusion of mass is 
governed by PDE of equation 4-1:  



















Where δts is time-scaling coefficient; C is the concentration of Au ions in solution; t is 
time; D is diffusion coefficient. And L is normalized tip-substrate distance, X, Y, Z are the 
normalized coordinates to the tip electrode surface, respectively: 
  4.2 
  4.3 
  4.4 
  4.5 
   4.6 
Where a is the radius of Au area of tip electrode; d is the distance between tip and 
substrate; x,y,z are coordinates to the tip electrode, respectively. And rg is the radius of 
tip, including both the Au area and insulating area. 
In this study, the model is simulated under a steady-state condition in 2D space. 
The geometry of the simulation domain is shown in Figure 4.1. Therefore, Equation 4-1 
can be simplified as: 
   4.7  
Since only one species is taken into account in our solution, the problem can be described 
in term of a single species (Au3+) as follows: 
    4.8
   
The boundary conditions are of the form:
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X>0, Y=L (substrate surface) 
   4.11 
X>RG, 0<Y<L (solution domain) 
0  4.12 
Figure 4.1 Geometry of the simulation domain with the parameters that are used to 
define the diffusion problem for SECM. 
4.2.2 Discussion of Equations for Electrode Reaction on Glassy Carbon 
Since we have already discussed that the Au ions will be reduced to Au particles, 













⇌Au3+ + 3e- Au (insoluble) 4.13 
In the study of chemical kinetics, people often simplify the analysis of reaction behavior 
by recognizing that the rate of one single step is much more sluggish than others so that 
this step is the rate-determining step of the overall reaction. The Au ion reduction 
reaction is a heterogeneous multi-electron transfer reaction. It is difficult to predict which 
step is rate-determining. Therefore, we assume the reduction of Au ions is completed in 
one step. The Butler-Volmer model is used to treat this heterogeneous electron-transfer 
reaction. Accordingly, kb, kf can be expressed: 
 exp	    4.14 
 exp	 1     4.15 
where α is the transfer coefficient; f=F/RT, and F is Faraday constant, R is the gas 
constant, and T is temperature;  is the standard rate constant; E is the electrode 
potential,  is the formal potential. Since the electrode reaction in our case is 
irreversible56,  0  is applied to set up the boundary condition:
 
  
exp	 1    X>0, Y=L  4.16 
The standard rate constant  is related to the properties of electrode surface. Different 
GC surfaces, for example the flat surface of the GC plate, the cross section of the GC 
plate, and angles cutting across these two planes, have different  to the reaction 4-13. 
Therefore,  is used to set the boundary condition of GCE. The constant  contains all 
the factors that affect the rate constant of forward reaction 4-13, including  , ,  . 
Equation 4-16 can be simplified as: 









If the substrate boundary condition is setup as a flux in software, Equation 4-17 will 
correspond to the form of equation for boundary setting given by software: 
C     4.18 
Where D is the diffusion coefficient;  represents the inward flux; C is the variable 
(concentration of species at the boundary) ; is the bulk concentration;  is the mass 
transfer coefficient, which is equivalent to the rate constant in Equation 4-17. As a result, 
 and , are set as zero. Different  values are set to study the results. 
4.2.3 Estimation of the Diffusion Coefficient of Gold Ions in Nitric Acid Solution 
During the process of diffusion, Au ions are engaged in a random walk, which can 
be considered as caused by a viscous drag force exerted by solution environment. When 
Au ions are diffusing, a driving force -dμ/dx, where μ is electrochemical potential, is 
operating on the ions. If steady-state diffusion is present, there must be an equal resistive 
force operating on ions, which is known as Stokes viscous force, 6 . Hence, 
 
 
6  4.19 
where r is the radius of Au ions; η is the viscosity of Au ions in nitric acid solution;  is 
the drift velocity. Since we define the absolute mobility  for the diffusing Au ions by 
dividing the drift velocity by either the opposite Stokes viscous force or diffusional 
driving force: 




The fundamental expression related to diffusion coefficient and absolute mobility is 
known as Einstein–Smoluchowski relation: 










where k  is Boltzmann constant; T is absolute temperature. Plugging in equation 4-20 to 
4-21, the Stokes-Einstein relation is obtained: 
D   4.22
 
This relation shows that the diffusion coefficient is a function of particle radius, 
viscosity of the solution, and the absolute temperature.  
In this study, the viscosity of 25% (mass percent) nitric acid (1.14 10-3 Pa s) is 
applied to the simulation.57 The absolute temperature is 273 K. Since it is difficult to 
predict what kind of form the Au ions exist in solution, an empirical radius of the Au ion 
is used for this model58. After entering all the values into equation 4-22:  
1.38  10 J/K  273K 
 
 
1.3   10 cm /s
6  
 
6  3.14159  135  10 m  1.14 ∗ 10 Pa ∙ s 
4.2.4 Meshing 
Meshing is an essential preprocessing step for modeling, in which a physical 
domain is broken up into small subdomains. In the COMSOL Multiphysics simulation,
meshing can be achieved by choosing between generating an unstructured mesh 
consisting of triangular elements or a mapped mesh consisting of quadrilateral elements 
for the 2D geometry.  
In our study, an unstructured mesh consisting of triangular elements is selected 
for our simulation. Since the concentration and flux of species are higher near the 
electrode than the one in bulk solution, a denser triangular grid is generated by software 
close to the electrode. Figure 4.2 shows the graphical mesh output for the model. It can 
be seen that the density of grid near the electrodes is higher than region far away to 








     (a)  
     (b)  
Figure 4.2 The distribution of mesh generated by program consists of 51966 triangular 
elements. (a) Final mesh of the overall graph, (b) Mesh distribution at the 






4.3 Results and Discussions 
4.3.1 2D Simulation of Flux Distribution of Gold Ions 
COMSOL Multiphysics 3.5a is used to simulate the steady-state distribution of 
flux of Au ions in the region between tip and substrate. In this simulation, substrate is at 
L=2.4 (L=d/a) position, and 2 μA current is assumed to apply to the tip. According to 
Equation 4-9, the species flux crossing the surface of Au electrode is 0.0146 mol/s·m2. 
Figure 4.3(a) shows the graphical output of the flux distribution of Au ions. At the edge 
of the electrode surface, the flux is especially higher than that in the middle. The 
simulation results for the concentration distribution are shown in Figure 4.3(b). Figure 
4.4 reveals the Au ion flux distribution on the substrate. It can be seen that the highest 
flux doesn’t happen underneath the center of tip. It appears about 40 µm offset the center. 
The distance between two peaks is about 80 µm. 
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      (a)  
      (b)  
Figure 4.3 Flux and concentration profiles of Au ions in between the tip and substrate 









Figure 4.4 The flux distribution on the substrate at position of L=2.4. 
4.3.2 3D Simulation of Flux Distribution of Gold Ions on Substrate 
The Au flux on the substrate determines how much Au will be deposited, so the 
flux distribution over the substrate will be simulated in this part. A 3D model of SECM 
experiment is built up to simulate the species flux distribution in the region between tip






Figure 4.5 Diffusive flux of Au ions in the region between tip and substrate for the 3D 
model. 
In the Chapter III, the distribution of Au was shown with optical and AFM 
imaging. Here, simulations of the Au deposition are made to compare with this 
experimental data. Models with different tip-substrate distance are built to study the Au
deposition distribution on substrate. Both simulation and experimental results are shown 
in Figure 4.6. In the 10 µm tip-substrate distance experiments, both simulation and 
experimental results are showing a relatively small ring-shaped, dense Au spot, while the 
Au spot is large and more spread out with 40 µm tip-substrate distance. From Figure 4.6 
(a_3), (b_3), and (c_3), we can observe that the distance between two flux peaks, which 
represent the two most dense regions along the diameter, increases as the tip-to-substrate 
distance increases. From Figure 4.6 (a_1), (b_1), and (c_1), the highest flux point 
decreases as tip-to-substrate increases. These results are compared with experimental 
results shown in Figure 4.6 (a_2), (b_2), and (c_2). Table 4.1shows a comparison of ring 









distances. It can be found that the ring diameter increase as the tip-substrate distance 
increases for both simulated and experimental data. With 10 µm tip-substrate distance, 
the region with the densest Au species is located at a 12 µm offset region for both of the 
experimental and simulated results. As the tip-substrate distance increases, the densest 
region goes further away from center. The simulated ring diameter increases more than 
the experiment. When the tip-substrate distance is 40 µm, the simulated ring radius is 31 
µm while the experimental result is 20 µm. 
(a_1) 
Figure 4.6 Comparison of (1) simulation and (2) experimental results for different tip- 
substrate distances; (3) Diffusive flux plots with radial substrate cross-
sections; (a) 10 µm; (b) 20 µm; (c) 40 µm tip-substrate distance. Arc-length 




















    
 
(c_2) (c_3) 
Figure 4.6 (continued) 
Table 4.1 Comparison of the ring radius between simulated and experimental results 
with different tip-substrate distance. 
10 µm tip-substrate 
distance (µm)
20 µm tip-substrate 
distance (µm)
40 µm tip-substrate 
distance (µm)
Simulated results 12 19 31 
Experimental results 12 16 20 
In this section, the forward reaction rate constant 4-13, , is changed to study the 
effect on the spot size. With different  values, either the diffuse-edge spot or the ring-
shaped spot can be simulated. When  is bigger than 10-6 m/s, the diffuse-edge spot will 
be achieved, as shown in Figure 4.7. When  is as smaller than 10-11 m/s, the ring-
shaped spots is simulated. However, the sizes of the spots are not changed by adjusting 
the values of . If the  values change, the only thing that is changed is the data values. 
For example, if the  value is increased by three times within the range for getting ring-








offset region of these peak values will not shift. In this computer simulation,  cannot be 
set between 10-11 to 10-6 m/s, because in this range, the simulation does not converge. The 
reason for that is still unknown. More effort is needed to study the effect of substrate 
boundary condition on spot size.
Figure 4.7 Simulation result of a diffuse-edge spot with  10  	 / , tip-substrate 
distance is 20 µm. 
4.4 Conclusion 
In this chapter, SECM deposition experiments are simulated by COMSOL 
Multiphysics software. The flux and concentration distributions of Au ions between tip 
and substrate are modeled in 2D space. The shapes of Au spots on the substrate are 
simulated by 3D simulation.  
3D simulation results demonstrate that the shapes of Au spots can be controlled 
by changing the rate constant of reduction of Au ions on substrate. The different GC axial 
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direction gives different rate constant to the Au reduction reaction. Changing the rate 
constants is changing the effect of the GCE axes direction. Both diffuse-edge spots and 
ring-shaped spots can be modeled with software. This supports the hypothesis that the 
morphology of Au spot is related to the different axes direction of the GCE. In the 
deposition simulation with different tip-substrate distances, the size of the ring-shaped 
spots increases as the tip-substrate distance increases. This result corresponds to the result 








GOLD NANOPARTICLES DEPOSITION ON TEM GRID 
5.1 Introduction
As a microscopy technique, transmission electron microscopy (TEM) gives a 
great opportunity to analyze a micro- or nano-sized world by providing topographical,
crystallographic, compositional, and morphologic information of samples. It applies a 
beam of energetic electrons on the sample. The electrons beam is transmitted through the 
sample. By interacting with the specimen as it passes through, the images of the sample
can be magnified and focused on an imaging device. TEM has the one of largest 
magnification, potentially up to 1,000,000 times. It provides high-quality images which 
are able to provide information about shape, size, and structure. These features make 
TEM a powerful tool to analyze nanoparticles. However, there are also some 
disadvantages for TEM. For example, the preparations of TEM samples are always 
complicated and expensive. 
TEM has been used to observe nanoparticles for years. The most common way of 
preparing nanoparticle samples for TEM is dropping a dilute solution of nanoparticles 
onto a carbon grid film supported by a metal TEM grid. Nanoparticles will be attached on 
the carbon film after the solution is dry, and then the TEM sample can be imaged. 
Deposition of metal on the TEM grid has also been tried. In a recent study, Ustarroz et al. 
successfully deposited Ag nanoparticles on carbon coated Au TEM grids by cyclic 






KNO3 and connected as the working electrode. By applying a negative potential, Ag ions 
will be reduced and deposited on the carbon film.  
No others have ever used SECM to “locally” deposit metals or metal particles on 
the TEM carbon grid. Our goal in this section is to investigate the deposition of Au 
nanoparticles on the TEM carbon grid. By applying an anodic current to an Au electrode, 
Au is oxidized and dissolved into the electrolyte. When Au ions diffuse to the TEM 
carbon grid, they will be reduced and deposited on it. If the Au nanoparticles are locally 
deposited, nanoparticles can be produced with different deposition conditions on one 
grid. The morphology of the nanoparticles can then be analyzed by TEM. 
5.2 Experimental 
The SECM experimental setup is shown in Figure 2.2 in Chapter II. A 25 µm
diameter Au wire is used to make the Au working electrode, which is also discussed in 
Chapter II. 4 M nitric acid solution was used as the electrolyte. 300 mesh Au grids with a 
carbon film (CF300-Au, Electron Microscopy Sciences, Inc.) are used in the study. 
The apparatus for Au deposition on the TEM grid are same as that used for 
deposition on GC discussed in Chapter II. The TEM grid is immersed into 4 M nitric acid 
electrolyte and placed on top of the GCE. Then, we bring the tip to just touch the TEM 
grid and then move it upward 50 µm. The substrate potential is uncontrolled during the 
tip-current generation process. These experiments used a 40 s, 2 μA to generate Au ions. 
5.3 Results and Discussion
The deposition of Au particles on GCE has been described previously in this 
thesis. Deposition on a TEM carbon grid allows investigation of the Au NPs at high 







differences in the electrochemical properties are expected. In this section, a 30 to 50 nm 
carbon film supported on an Au grid is used as the substrate for Au particle deposition.60 
A carbon sputtering process is used to make the films from spectroscopically pure (6 ppm
ash) graphite rods.61 After coating the grids, a uniformly amorphous carbon is formed on 
the grids. Because of its strongly interconnected three-dimensional network structure, the 
films have remarkable mechanical stability, even when as thin as a few nanometers.62 
Au particles are successfully deposited on these carbon grids, as shown in Figure 
5.1. It can be seen that the sizes of nanoparticles vary from 20 nm to 80 nm. They are 
mostly round in shapes. This result shows the possibility of deposition of Au on the TEM 









Figure 5.1 TEM images of Au nanoparticles on carbon film supported by 300 mesh 
Au grids with a magnification of (a) 40,000 and (b) 200,000 times. 
An alternate carbon film was also tried for particle deposition. A formvar carbon 
film supported by 300 mesh copper grids is used. Compared to the Au grid support 
carbon film, a thin film of pure formvar resin with thickness of 30 to 75 nm supported by 
300 mesh copper grid is coated with the amorphous carbon film. Since the copper is 
quickly dissolved in 4 M nitric acid, 1 M nitric acid was used for an electrolyte. The other 




beside nanoparticles with sizes smaller than 100 nm, dendritically shaped particles are 
deposited on the carbon film. The sizes of these particles are as large as several hundred 
nanometers. The particles were not determined with EDS but, given the observed 









Figure 5.2 TEM images of nanoparticles on formvar carbon film supported by 300 
mesh copper grids with magnification of (a) 20,000 and (b) 50,000 times. 
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 5.4 Conclusion 
In this chapter, it is shown that TEM carbon film can be used to deposit metal 
particles with SECM experiments. Au nanoparticles are successfully deposited on a 
carbon film supported by 300 mesh Au grids. With the success of this method, TEM can 
be a powerful tool for studying the deposition and morphology of metals. 
Electrochemical deposition of many other metals, such as Ag, Cu, and Zn, on TEM 





The work presented in this paper demonstrates one of applications of the scanning 
electrochemical microscope to the study of micro-, and nanopatterning. Au spots are 
deposited on a GCE with SECM. The deposition conditions, including the distance 
between tip and substrate, current density, substrate potential, and addition of Ag ions in 
electrolyte, are changed to study the effects on Au spot size and nanoparticle 
morphology. Atomic force microscope is used to analyze the nanoparticle morphology. 
Experiment results are also simulated by computer with COMSOL Multiphysics 
software. 
In the SECM experiments, an anodic current is applied to the Au electrode to 
oxidize the Au. After being oxidized, Au(III) ions are dissolved into 4 M nitric acid 
electrolyte. Driven by the electrochemical potential, Au ions diffuse to the GC substrate 
electrode and are then reduced on it. Three types of Au spots are deposited on the GC, the 
diffuse-edge spot, uniform thickness spot, and ring-shaped spot. Ring-shaped spots are 
produced most commonly, about 80% of the time. The shape of the spot depends on the 
surface microstructure of the substrate. Different GCE axes directions have a different 
number of active nucleation sites, which affect the rate constant of reduction on GC. For 
different reduction reaction rates, the distribution of the Au ion flux is different over the 
substrate. Therefore, different shapes of Au spots are deposited.  
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AFM is used to characterize the Au particles deposited on the GC. AFM images 
show that Au particles with sizes smaller than 50 nm are formed on the electrode. These 
nanoparticles are mostly round in shape. 
The tip-substrate distance affects the spot size. As the tip-substrate distance 
increases, the size of the Au spot increases and the intensity of the spot fades. An AFM 
study shows that the biggest nanoparticles show up at a certain offset region from the 
center. As the tip-substrate distance increase, this region moves further away from the 
center. The difference in sizes between the biggest and the smallest nanoparticles is up to 
15 nm. A study of the effect of current density on particle morphology shows that the 
nanoparticle sizes are related to the current density applied to the tip. If the total charge is 
constant, a high current density achieves larger Au nanoparticles. By controlling the 
substrate potential, nanoparticles with other shapes are deposited. Nanofibers can be 
formed by applying a -0.4 V (vs. Ag/AgCl reference electrode) potential to the GCE 
during the SECM experiment. As the potential goes positive, fewer nanofibers are 
formed. When the substrate potential is +0.4 V, nanofibers are rarely seen. Ag ions are 
added to the nitric acid electrolyte to study their effect on particle morphology. With a 
negatively biased substrate (vs. quasi Pt reference electrode), Ag ions are reduced on the 
GCE. No Au deposits are seen. With an uncontrolled substrate, some cube-shaped 
particles are deposited, shown by SEM images. The sizes of these are as large as 1 µm. If 
we look into these particles, it can be found that there are a lot of sphere-shaped 
nanoparticles deposited on the surface of these cubic particles. When a positive potential 
(vs. quasi Pt reference electrode) is applied to the substrate, both Au and Ag are 




COMSOL Multiphysics software is used to simulate the results of SECM 
deposition experiments. The flux and concentration distribution of Au ions between the 
tip and substrate is modeled with a steady-state simulation in 2D space. The shapes of the 
Au spots are simulated in 3D space. The simulated results show that changing the 
boundary condition for the reduction rate constant of Au(III) on the substrate can produce 
either diffuse-edge or ring-shaped spots. The diffuse-edge spots are formed with larger 
rate constants and the ring-shaped spots are produced with smaller rate constants. 
In last part of the study, Au particles are deposited on a TEM carbon film
supported by Au grids. Beside the GCE, the uniformly amorphous carbon film is also 
suitable for the Au deposition with SECM. This makes TEM a powerful tool for 
characterizing the nanoparticle morphology.  
In future work, many other metal nanoparticles may be produced on either glassy 
carbon electrodes or TEM grids. Substrates with roughened surfaces or metal 
nanoparticles such as Au, Ag, and Cu are required to realize a surface-enhanced Raman 
scattering (SERS) effect. Therefore, gold nanoparticles deposited on substrates can be 
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